Summary: Increasing growth of the world's population, waste minimization policies and agricultural needs make the recycling of domestic wastewater quite a desirable practice. Factors like environmental and public health risks must be taken into account when considering treated wastewater for field irrigation and biosolids for land application. Wastewater disinfection is achieved via chlorination or UV-irradiation. In this study, an alternative disinfectant, gamma radiation is investigated. It is found that 60 Co-gamma irradiation could be effectively used for the disinfection of effluents from the municipal wastewater treatment plants, and gamma radiation dose of at least 5000 Gy was required for the inactivation Enterococcus sp., the most resistant bacteria among the indicator bacteria tested.
Introduction
Effects of global warming and population growth cause the countries concern about the use and preservation of water and to look for alternative water resources. Use of wastewater can increase the available water supply, however, factors like environmental and public health risks must be taken into account. Pathogens present in wastewater and biosolids may remain active after treatment and can easily cross-contaminate the surface and ground water (31, 35) . Besides, there is a great risk of transmission of bacterial and parasitic infections via consuming crop and vegetables grown in this wastewater-irrigated and/or biosolid-applied agricultural fields (8, 37) . Bacterial pathogens in domestic wastewater include many species of fecal coliforms, Salmonella spp. and fecal streptococci (5, 27) . Cases related to waterborne infections have not really been estimated in Turkey (2, 19) , and very limited information is available on occurrence and survival of microorganisms in treated wastewater (4, 11) .
Within all types of treatment, disinfection plays an important role because it guarantees the elimination of indicator organisms, especially pathogens, to safe levels (24, 25) . Wastewater disinfection is achieved via chlorination, ozonation or ultraviolet (UV)-radiation (14, 18) . Another technique, potentially useful for wastewater treatment, is ionizing radiation including high-energy electrons and gamma radiation (13, 17) . Studies on the use of electron beams in treating wastewater and municipal biosolids have been conducted at several locations around the world (16, 36) , and gamma irradiation was identified as an alternative method for disinfection (12, 21, 30) .
The work reported herein represents, (i) the population densities of indicator bacteria in treated municipal wastewater and biosolid samples, and (ii) the impact of gamma irradiation on these bacterial population. The plant is located about 40 km. from the city center and about 90% of the city population is connected to the network. The treatment capacity of the plant is 765000-1530000 m 3 /day of wastewater. The sewage sludge is generated from the wastewater during primary and secondary treatment and it undergoes mesophilic anaerobic digestion (35±1°C for about 20 days). The digested sludge is dewatered to produce a semi-solid cake and named as biosolid (~650m 3 /day) (4).
Materials and Methods

Sampling
Analyses:
In treated wastewater samples, total coliforms, fecal streptococci and Enterococcus sp. were all enumerated by using the Most Probable Number (MPN) Method as described in Standard Methods for the Examination of Water and Wastewater (American Public Health Association,1998) (1,3). In biosolid samples, fecal coliform tests and Salmonella spp. analysis were performed by using American Environment Protection Agency, Method No.6260/2003 (1, 34) .
Gamma irradiation: Gamma irradiation was performed at Sarayköy Nuclear Research and Training Center by placing the samples inside the irradiation chamber of a Gamma Cell (Tenex-Issledovatel) at 18°C. A 60 Co source with an average dose rate of 1.34 kGy/h was used for the irradiation. Samples of 100 ml treated wastewater and 100 g of biosolids in glass vials were irradiated for the appropriate time to achieve the desired gamma irradiation doses. After irradiation survival microbial counts were determined and the D 10 values were calculated. D 10 value calculations: The D 10 value is the dose of radiation needed to achieve one log cycle or 90% reduction of the initial bacterial population. The D 10 values from MPN data were determined using the equation D 10 = D / log No -log N in which, D is the dose of radiation used, log No is the initial bacterial population and log N is the amount of survivors at dose D. The relationship between dose and survival rate is logarithmic (6, 26) .
Results
In all tested treated wastewater samples, total coliforms, Enterococcus sp. and fecal streptococci were detected. Salmonella spp. were detected in 7 samples. The bacterial population densities of the treated wastewater samples were tabulated in Table 1 . The Table  1 includes the annual average densities (geometric means and standart deviations) of the bacteria as well.
In biosolids, fecal coliforms were determined throughout the year. Salmonella species in biosolids were detected in 8 samples. The population densities and annual average of fecal coliforms and Salmonella spp. were presented in Table 2 .
The results indicated that gamma irradiation was very effective in eliminating pathogenic bacteria in treated wastewater and biosolids. The D 10 values for the pathogens in treated wastewater and biosolid samples ranged from 900 Gy for Salmonella spp. to 5000 Gy for Enterococcus sp. The irradiation doses required for the inactivation of indicator bacteria tested in treated wastewater and biosolids were tabulated in Tables 3 and 4 . (10, 20, 28) .
Disinfection process using gamma irradiation was very effective on bacteria from treated wastewater and biosolids. The effect of gamma irradiation on bacteria interacts directly with a sensitive site in the organism, usually the deoxyribonucleic acid (DNA) that directs cellular reproduction and synthesis of cell components rather than the relatively radiation resistant constituents (33) . Zagory (38) reports that bacteria have smaller DNA and so are more resistant to irradiation, and would require 1500-3500 Gy for inactivation. In the present study, the lowest lethal dose of Salmonella spp. was 900 Gy while the dose of 5000 Gy was effective on Enterococcus sp. This study confirmed the findings of the previous investigations and the irradiation doses given by other researchers were in accordance with our findings (7, 29, 32) .
In conclusion, this study shows that gamma irradiation could be effectively used for the disinfection of effluents from the municipal wastewater treatment plants, especially if reuse in agricultural practice is to be considered, and considering Enterococci, the dose of at least 5000 Gy is necessary to inactivate the indicator pathogens from treated wastewater and biosolids. Electron beam radiation which is characterized by its low penetration and high dosage rates would improve the economics of the process and reduce any public objection related to the use of radioisotopes.
